Background. Functional neuroimaging has the potential to deepen our understanding of technical and nontechnical skill acquisition in surgeons, particularly as established assessment tools leave unanswered questions about inter-operator differences in ability that seem independent of experience. Methods. In this first of a 2-part article, we aim to utilize our experience in neuroimaging surgeons to orientate the nonspecialist reader to the principles of brain imaging. Terminology commonly used in brain imaging research is explained, placing emphasis on the "activation response" to an surgical task and its effect on local cortical hemodynamic parameters (neurovascular coupling). Results. Skills learning and subsequent consolidation and refinement through practice lead to reorganization of the functional architecture of the brain (known as "neuroplasticity"), evidenced by changes in the strength of regional activation as well as alterations in connectivity between brain regions, culminating in more efficient use of neural resources during task performance. Conclusion. Currently available neuroimaging techniques that either directly (ie, measure electrical activity) or indirectly (ie, measure tissue hemodynamics) assess brain function are discussed. Finally, we highlight the important practical considerations when conducting brain imaging research in surgeons.
Background. Functional neuroimaging has the potential to deepen our understanding of technical and nontechnical skill acquisition in surgeons, particularly as established assessment tools leave unanswered questions about inter-operator differences in ability that seem independent of experience. Methods. In this first of a 2-part article, we aim to utilize our experience in neuroimaging surgeons to orientate the nonspecialist reader to the principles of brain imaging. Terminology commonly used in brain imaging research is explained, placing emphasis on the "activation response" to an surgical task and its effect on local cortical hemodynamic parameters (neurovascular coupling). Results. Skills learning and subsequent consolidation and refinement through practice lead to reorganization of the functional architecture of the brain (known as "neuroplasticity"), evidenced by changes in the strength of regional activation as well as alterations in connectivity between brain regions, culminating in more efficient use of neural resources during task performance. Conclusion. Currently available neuroimaging techniques that either directly (ie, measure electrical activity) or indirectly (ie, measure tissue hemodynamics) assess brain function are discussed. Finally, we highlight the important practical considerations when conducting brain imaging research in surgeons. (Surgery 2017; 162:1121-30.) From the Department of Surgery and Cancer a and Hamlyn Centre for Robotic Surgery, b Imperial College London, London, United Kingdom VALIDATED INSTRUMENTS for technical and nontechnical skills assessment have produced a wealth of objective data that pose interesting questions regarding between-operator disparities in performance. Why is it, for example, that despite similar case volumes or practice durations, some residents make rapid progress while others take longer to reach proficiency benchmarks or fail to significantly improve at all? 1 Beyond proficiency benchmarks, what is the hallmark of expertise, and what parameters should be used to anchor progressive autonomy or underpin graduation? Some of the answers may be found in exposing differences in the adaptability of responses that occur in regions of the brain as a result of practice and training, and which can be captured and quantified using noninvasive imaging technologies (see systematic review Part II). However, before one can fully appreciate these between-group (cross-sectional) or between-trial (longitudinal) differences in brain responses to surgical training, it is important to understand how these brain responses may be acquired, determine which imaging technique(s) to utilize, carefully consider the brain regions of interest, and ascertain the underlying origin or meaning of neuroimaging signals. Here, we aim to use our experience of the field of neuroimaging surgeons to better orientate the nonspecialist surgeon or educationalist as to the terminology, techniques, and avenues of clinical translation that may be exploited through assessment of brain function, with a particular focus on the neural correlates of technical skills assessment.
FUNCTIONAL BRAIN ACTIVATION AND NEUROVASCULAR COUPLING
The term "functional activation" is used to describe a pattern of responses within a given brain region to a particular task. If a specific region is important for the task under study, then populations of neurons within that region depolarize, and the summation of multiple neuronal depolarizations creates electrical signals that can be recorded at scalp level. Similarly, there is a characteristic hemodynamic response that accompanies neuronal depolarization, which aims to supply the active brain region with oxygen and nutrients (Fig 1) . This hemodynamic response function consists of an increase in oxygenated hemoglobin (HbO 2 ) and a decrease in deoxygenated hemoglobin (HHb), which is washed out of an activated area faster than it can be produced by the deoxygenation of hemoglobin. The strength of the hemodynamic response to activation is such that the brain floods the activated area and surrounding regions with blood; analogous to "watering the entire garden for sake of a single thirsty flower."
2 "Neurovascular coupling" is the term used to describe this association between cerebral blood flow and the metabolic demands of the brain as a result of neuronal activation. 3 Just as it is possible to capture and record brain depolarization at the scalp surface, so it is possible to quantify the magnitude of the hemodynamic changes as a secondary phenomenon that occurs in response to brain activation. Typically, there is a predictable and steep increase in HbO 2, which occurs in the first few seconds after task onset. This is subsequently followed by a plateau phase before HbO 2 concentration returns to baseline levels. Changes in HHb demonstrate an opposite trend (ie, an initial decrease in concentration followed by a gradual increase to baseline), are several orders of magnitude lower, and lag 1 to 2 seconds behind changes in HbO 2 (Fig 1) .
BRAIN PLASTICITY AND BRAIN CONNECTIVITY
Brain responses to complex motor skills such as surgery are dynamic and adapt to the phase of training and extent of practice. "Neuroplasticity" is the term used to describe dynamic changes in function and organization of the central nervous system in response to improvements and consolidation in and retention of motor skills as a result of practice, 4 leading to strengthening of some neural pathways and redundancy of others. 5 The neural correlates of technical skills training are subcategorized as "fast learning," which accompany rapid improvements in skills that can develop over the course of even one training session, and "slow learning," with further performance gains occurring over multiple practice sessions. 6 In brain imaging terms, these neuroplastic changes are inferred by longitudinal strengthening (eg, increased amplitude) or weakening (eg, decreased amplitude) of brain responses and/or a simultaneous change in the spatial distribution of responses in multiple brain regions. For example, brain regions recruited to support early practice refinement and novel task demands may no longer be required following practice improvements as a result of increased task familiarity. 7 Consequently, these regions demonstrate less activation in response to a task and are described as having greater "neural efficiency." For example, professional pianists activate a smaller neural network and with less intensity during finger movement tasks compared with musically na€ ıve controls in whom movement is controlled less efficiently. 8, 9 It follows, therefore, that expert surgeons may exhibit similar improved neural efficiency compared with novices as a result of long-term training (see systematic review Part II).
Two or more spatially distinct regions of the brain that activate sequentially and that result in temporally correlated responses are considered to be functionally "connected" to the task and the measure of association (eg, correlation, coherence) between these areas is described as "functional connectivity." These functionally connected brain regions form a "functional network" (Fig 2) . Functional connectivity strength, much like changes in activation strength, is dynamic and responds to training and practice. 10 The hypothesis is that similar practice related changes in brain activation and connectivity accompany the transition from novice to expert surgeon, and that the temporal relationship of these changes may relate to innate surgical aptitude 10 (see systemic review Part II).
BRAIN MOTOR SUBREGIONS AND NEURAL CORRELATES OF SKILL ACQUISITION
The brain region(s) to be investigated often represent a trade-off between the research questions of interest, the nature of the surgical task being undertaken, and the face validity of the experimental paradigm. For example, interrogation of visual spatial awareness during laparoscopy might necessitate assessment of occipitoparietal brain regions that subserve vision and perception, whereas for rudimentary surgical skill acquisition it may be more prudent to focus on the motor regions of the frontal lobe (Fig 3) .
Regarding technical skills acquisition in surgery, studies have focused on monitoring brain areas related to attention and higher judgment, [11] [12] [13] [14] [15] [16] motor planning, and/or motor execution [17] [18] [19] on the basis that studies from outside medicine suggest predictable and reliable patterns of longitudinal plasticity that accompany the fast and slow learning phases delineated above. [20] [21] [22] [23] and patients with frontal lobe lesions 24 emphasize that early phases of motor learning rely on recruitment of the dorsolateral prefrontal cortex (DLPFC) and presupplementary motor area. The DLPFC is a frontal brain area thought to subserve attention, concentration, and executive function 25 and hence may act as a "scaffold" to support novel task demands during which movements are attention-demanding. 26 While DLPFC and presupplementary motor area activations wain as learning progresses and skills become ingrained and are executed with greater automaticity, 27, 28 activation in the premotor cortex, 27 supplementary motor area, 29, 30 and cerebellum 27, 28 increases in line with practice due to the importance of these regions for sequence learning. The primary motor cortex (M1) is responsible for the control and execution of voluntary skilled movements and certain motor sequence learning studies have demonstrated learning-related reductions in M1 activation. 8 Strengthening of connectivity between DLPFC and premotor cortex in early skills learning also has been observed and is thought to reflect high attentional demands during effortful performance. 31 2. Slow learning: Behavioral gains in performance across later stages of motor learning are quantitatively smaller than those made during the early phases of learning, but are still associated with neuroplastic changes comprising strengthening of M1 activations thought to reflect additional recruitment of M1 neurons that represent the trained skill or sequence, 32, 33 as well increased activation in the primary somatosensory cortex and SMA, the latter being an important region for the execution of trained motor sequences.
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NEUROIMAGING TECHNOLOGIES AND SURGICAL NEUROMONITORING Figure 4 illustrates the principles governing each neuroimaging technique, which are further described as follows to assist the nonspecialist reader: 3. Functional magnetic resonance imaging (fMRI): fMRI monitors a natural blood oxygen level-dependent contrast effect, which originates from the paramagnetic properties of deoxygenated hemoglobin, and therefore detects alterations in the magnetic field that arise due to activation-related decreases in HHb concentration.
Functional near-infrared spectroscopy (fNIRS): This
technique shines light on the scalp and detects the decrease in light intensity that arises mainly due to absorption by hemoglobin species. Based on the magnitude of . Inset: Graph shows the hemodynamic response function depicting the typical morphology and time course of a blood-oxygen level dependent signal obtained using fMRI. The fMRI cross-sections represent the dominant areas of activation during a knot tying task (adapted from Bahrami et al 42 and reproduced with permission from Springer). (C) EEG signals are classified based on frequency and amplitude of the recorded signal. Gamma waves (30 to 100 Hz) are located mainly in the somatosensory cortex and are thought to relate to the processing of information from $2 sensory systems. Beta waves (15 to 30 Hz) are seen in all age ranges and are symmetrically distributed and of a low amplitude. They are more evident in frontal regions of the head and are associated with alert and anxious states. Alpha waves (8 to 15 Hz) are observed in all ages, but more commonly in adults. They are more often present posteriorly than anteriorly, are more apparent during eyes-closed relaxation, and attenuate during the attentive state. Theta waves (3 to 8 Hz) normally are observed during sleep. Delta waves (<3 Hz) are seen in deep sleep in all age groups and are abnormal in awake adults. They exhibit the highest amplitude of all the waveforms and, together with theta waves, are called "slow waves." Neuroimaging technologies can be broadly classified into "direct" and "indirect" modalities. 37 Direct imaging techniques measure neuronal electrical activity directly. Indirect techniques are based on the principles of neurovascular coupling 3 and measure the regional hemodynamic changes that occur in the brain as a result of the changes in local neuronal metabolic needs during activation.
NIR, Near infrared; PET, positron emission tomography.
light attenuation, fNIRS is able to resolve relative changes in HbO 2 , HHb, and total hemoglobin (HbO 2 plus HHb).
Broadly, these neuroimaging techniques can be evaluated based on their level of invasiveness, practicality, cost-effectiveness, and spatial and temporal resolution. Table I further summarizes the relative merits and disadvantages of each neuroimaging technique along these lines for neuromonitoring surgeons, highlighting that there is no single perfect technique. "Direct" imaging techniques such as EEG or MEG monitor electrical activity or changes in magnetic fields as a marker of neuronal depolarization, whereas "indirect" imaging techniques, such as fMRI and fNIRS monitor the hemodynamic response as a surrogate of brain activation. Direct imaging techniques have excellent temporal sensitivity but poor spatial resolution because it is challenging to use scalp surface activity to determine the brain region from which the signal originated (Fig 5) . This limitation notwithstanding, some investigators are capitalizing on brain states that can be inferred as a result of patterns of EEG signal, such as the degree of brain "engagement." 35, 36 Conversely, certain indirect imaging techniques such as fMRI have a spatial resolution on a millimeter level but poorer temporal sensitivity intrinsically due to the detection of a secondary hemodynamic response (as opposed to neuronal activation directly). Although fMRI enables assessment of the entire brain including deeper subcortical structures, it may be impractical to perform an surgical procedure from within the confines of the bore of a magnet which imposes further restrictions, such as an inability to use ferromagnetic surgical instruments, that culminate to degrade the fidelity of the experience. fNIRS is an indirect optical brain imaging technique that is arguably more affordable, portable, and discrete than fMRI and which captures regional changes in hemodynamics at cortical level with improved spatial sensitivity compared with EEG and MEG. 37 For these reasons, we have chosen to exploit fNIRS as the neuroimaging modality of choice despite the limitations of the technique, including penetration depth, optode motion artefacts, and cross-talk (misinterpretation of changes in one Hb species for another). More recently, there has been interest in the benefits of multimodal imaging, combining the temporal sensitivity of direct imaging techniques such as EEG with the comparatively superior spatial resolution of fNIRS. 38 
CONSIDERATIONS FOR CLINICAL EVALUATION AND TRANSLATION
Prior to conducting brain imaging experiments, it is valuable to consider quality control measures to enhance the robustness of data acquisition 39 (Table II) . Where possible, protocols should seek to minimize the confounding influences of age (atrophy), handedness, and sex-associated differences in brain function. Stimulants influence brain responses, and we advise subjects to refrain from smoking or drinking alcohol for 24 hours prior to investigation. For fNIRS experiments, attention should be paid to environmental conditions to minimize contamination of signals by ambient light. Laser light emitters should be warmed up for 30 minutes prior to use as cold lasers do not perform optimally. Common data artefacts include nonphysiological rapid shifts in signal due to optode movement, and signal "mirror imaging" and apparent nonrecordings due to saturation artefacts. For any sensor-based system, it is critical to ensure good contact with the scalp, applying tapes and bandages where necessary to reinforce optode-scalp contact. Changes in extracranial blood flow may pollute optically detected changes in hemodynamics, which may be misconstrued as originating from the cortical surface of the brain. Finally, systemic physiologic signals such as stress-induced changes in heart rate and blood pressure are known to influence cortical responses centrally 40 ; where possible, the stress response (cortisol, sweat) and systemic physiology (heart rate, blood pressure) should be measured concomitantly along with brain responses.
Many systems are available to record neuroimages or neural signals that may help inform educationalists and program directors as to the brain state of the operator and/or the stage or phase of resident skills training. To capitalize on these systems to interrogate brain function in Background. Functional neuroimaging technologies enable assessment of operator brain function and can deepen our understanding of skills learning, ergonomic optima, and cognitive processes in surgeons.
Although there has been a critical mass of data detailing surgeons' brain function, this literature has not been reviewed systematically. Methods. A systematic search of original neuroimaging studies assessing surgeons' brain function and published up until November 2016 was conducted using Medline, Embase, and PsycINFO databases. Results. Twenty-seven studies fulfilled the inclusion criteria, including 3 feasibility studies, 14 studies exploring the neural correlates of technical skill acquisition, and the remainder investigating brain function in the context of intraoperative decision-making (n = 1), neurofeedback training (n = 1), robotassisted technology (n = 5), and surgical teaching (n = 3). Early stages of learning open surgical tasks (knot-tying) are characterized by prefrontal cortical activation, which subsequently attenuates with deliberate practice. However, with complex laparoscopic skills (intracorporeal suturing), prefrontal cortical engagement requires substantial training, and attenuation occurs over a longer time course, after years of refinement. Neurofeedback and interventions that improve neural efficiency may enhance technical performance and skills learning. 
